Information flow in neocortical circuits is regulated by two key parameters: intrinsic neuronal properties and the short-term activitydependent plasticity of synaptic transmission. Using multineuronal whole-cell voltage recordings, we characterized the postnatal maturation of the electrophysiological properties and short-term plasticity of excitatory synaptic transmission between pairs of layer 5 (L5) pyramidal neurons (n ϭ 158) in acute slices of rat visual cortex over the first postnatal month. We found that the intrinsic and synaptic properties of L5 pyramidal neurons develop in parallel. Before postnatal day 15 (P15), intrinsic electrophysiological properties were tuned to low-frequency operation, characterized by high apparent input resistance, a long membrane time constant, and prolonged somatic action potentials. Unitary excitatory synaptic potentials were of large amplitude (P11-P15; median, 514 V), but showed pronounced use-dependent depression during prolonged regular and physiologically relevant presynaptic action potential firing patterns. In contrast, in mature animals we observed a developmental decline of the peak amplitude of unitary EPSPs (P25-P29; median, 175 V) paralleled by a decrease in apparent input resistance, membrane time constant, and somatic action potential duration. Notably, synaptic signaling of complex action potential firing patterns was also transformed, with P25-P29 connections faithfully signaling action potential trains at frequencies up to 40 Hz (1st to 50th action potential ratio, 0.91 Ϯ 0.12). Postnatal refinement of intrinsic properties and short-term plasticity therefore transforms the capacity of the L5 excitatory neural network of the visual cortex to generate and process patterns of action potential firing and contribute to network activity.
Introduction
The functional unit underlying the brain's higher cognitive functions is the neocortical microcircuit (Douglas and Martin, 2004) . During the first postnatal month in rodents, the neocortical microcircuit is anatomically and functionally reorganized (McCormick and Prince, 1987; Kasper et al., 1994a; Micheva and Beaulieu, 1996; DeFelipe, 1997; Franceschetti et al., 1998 ; for review, see Cohen-Cory, 2002; van Zundert et al., 2004; Zhang, 2004) . Consequently, network activity generated within the neocortical microcircuit is dramatically refined over this developmental period (Yuste et al., 1992; Chiu and Weliky, 2002; Khazipov et al., 2004; Golshani et al., 2009; Rochefort et al., 2009) . As synchronized neocortical network activity is believed to be initiated and propagated by networks of layer 5 (L5) pyramidal neurons (Silva et al., 1991; Sanchez-Vives and McCormick, 2000; Sakata and Harris, 2009) , investigation of the postnatal development of the intrinsic properties and intracortical synaptic connectivity of these neurons is critical to an understanding how coherent neocortical network activity is generated and refined during early postnatal life.
In sensory cortices, the first postnatal month also encompasses a number of functional milestones. In rodent visual cortex, these include the emergence of ocular dominance, orientation, and movement selectivity; refinement in cortical neuron receptive fields; and increased visual acuity (Fagiolini et al., 1994) . Any change in the spread of activity through neocortical circuits due to maturational changes in the intrinsic properties of neurons and/or synaptic transmission would potentially shape cortical developmental milestones, because many developmental processes are at least partially dependent on the level and/or pattern of activity in neocortical circuits (Katz and Shatz, 1996; Huberman et al., 2008) . The impact of this dynamic interaction between neocortical activity, developmental milestones, and intrinsic and synaptic properties is likely to be most relevant in sensory cortices, where activity in afferent pathways changes rapidly in association with the development of peripheral sensory structures (Wong, 1999; Akerman et al., 2002; Fiser et al., 2004; Rochefort et al., 2009) . The enduring impact of these early developmental interactions on cognitive functioning in adulthood are being increasingly recognized (Rice and Barone, 2000) .
We have therefore characterized age-dependent changes in the intrinsic electrophysiological and synaptic properties of L5 pyramidal networks in the rodent visual cortex. Using multineuronal current-clamp recordings, we show that the ability of L5 synapses to transmit complex action potential (AP) firing patterns is transformed over the first postnatal month, a change that is paralleled by a developmental refinement of intrinsic neuronal properties. Such postnatal maturation is likely to have widespread implications for information transfer within the neocortical column. These changes may also have a significant downstream impact on the spread of activity through subcortical circuits, as large L5 pyramidal neurons provide the main output of the microcircuit to subcortical targets (Solomon and Nerbonne, 1993a,b; Wang and McCormick, 1993; Albert and Nerbonne, 1995) .
Materials and Methods
All experiments were conducted in accordance with institutional and UK Home Office guidelines.
Slice preparation and maintenance. Whole-cell, current-clamp recordings were made from slices of visual cortex prepared from male Long Evans rats [postnatal day 7 (P7)-P29]. All animals were housed with artificial 12 h light/dark cycles, and animals younger than P15 were photographed before euthanasia to document the level of eye opening. Littermates were housed together; dams were removed from cages at weaning (P21). Animals were anesthetized by inhalation of isoflurane and then decapitated. Brains were rapidly removed and submerged in an oxygenated (95% oxygen, 5% carbon dioxide) chilled slicing solution containing the following (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 CaCl 2 , 6 MgCl 2 , 3 sodium pyruvate, and 25 glucose, pH 7.4. The cerebellum and the brain frontal to the central sulcus were removed, and 300 m slices of occipital neocortex were cut with a vibratome at an angle of 15°relative to the coronal plane. Slices were maintained at 35°C for 30 min in a holding chamber containing oxygenated slicing solution and then allowed to cool to room temperature (21-24°C). Recordings were made between 1 and 8 h after slice preparation.
Electrophysiological recording. Individual brain slices were transferred to the bath of an upright Olympus BX51WI microscope and perfused at 2 ml ⅐ min Ϫ1 with an oxygenated recording solution containing the following (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 3 sodium pyruvate, and 25 glucose, pH 7.4 (35-37°C). Wholecell somatic voltage recordings were made with borosilicate glass recording pipettes with resistances between 3 and 8 M⍀ when filled with solution composed of the following (in mM): 135 K-gluconate, 7 NaCl, 10 HEPES, 2 Na2ATP, 0.3 NaGTP, 2 MgCl 2 , and 0.01 Alexa Fluor 488, adjusted to pH 7.3 with KOH. Dual and triple whole-cell current-clamp recordings were made with identical bridge-balance amplifiers (Dagan BVC 700A). Current and voltage signals were low-pass filtered (DC to 10 kHz) and acquired at 30 -50 kHz with an ITC-18 (Instrutech Corporation) interface controlled by an Apple computer. Signal acquisition and analysis were performed with Axograph software (Molecular Devices). Series resistance was regularly monitored and adjusted throughout each experiment. Recordings were abandoned if the postsynaptic series resistance increased above 25 M⍀ or changed by Ͼ20%.
Recordings were targeted to large, thick-tufted L5 pyramidal neurons using infrared differential interference contrast microscopy. Thicktufted L5 neurons can be distinguished from slender L5 neurons by the end of the first postnatal week based on their thick apical dendrite and the presence of a dendritic tuft in L1 (Jones and Wise, 1977; Kasper et al., 1994b) .
To locate synaptically connected neurons, simultaneous whole-cell recordings were made from two or three closely spaced L5 pyramidal neurons (soma to soma distance, Ͻ40 m). Synaptic connectivity was assessed between each pair of neurons sequentially by repeatedly eliciting pairs of action potentials in a neuron (2 ms test pulses; 1-5 nA; 30 ms paired-pulse interval; 20 sweeps delivered at 0.33 Hz). If a synaptic connection was not identified after each neuron had been investigated, one electrode was withdrawn, and a whole-cell recording was established with a new pyramidal neuron.
Once a synaptically connected pair of neurons was identified, a variety of simple and complex stimulus trains were delivered to the presynaptic neuron until the series resistance or the cell quality deteriorated. Resting membrane potential was recorded within 1 min of attaining a whole-cell recording and corrected for the offset potential recorded when then electrode was detached from the neuron at the end of each experiment. Square-wave current pulses were used to elicit small depolarizing and hyperpolarizing voltage responses (200 sweeps, intersweep interval, 0.3 s; 200 ms stimulus duration; current amplitudes selected to produce voltage deflection Ͻ5 mV; average amplitude, 4.2 Ϯ 0.2 mV; n ϭ 55 cells). Membrane time constant was taken as the second (longer) time constant of a double exponential fit to the charging of voltage responses. Currentvoltage relationships were determined using long, square-wave current steps of varying amplitude and polarity (800 ms; intersweep interval, 30 s). At least two sweeps were averaged for each stimulus level to obtain the final voltage response. The peak voltage response was calculated from the average amplitude within a 0.5 ms window around the peak voltage deflection. The steady-state voltage response was the average voltage deflection occurring during the last 20 ms of the stimulus. Apparent input resistance was estimated from the slope of a regression line fitted to the linear portion of the peak current-voltage relationship.
Action potential properties were derived from recordings of single action potentials evoked by 100 ms square-wave pulses at rheobase current (the minimum somatic current required to evoke an action potential, 20 sweeps delivered at 0.5 Hz). Reported values are the average parameters of at least three action potentials from each neuron. Action potential threshold was defined as the membrane potential at a time point just before the derivative of the action potential increased rapidly above baseline during the action potential upstroke.
Unitary EPSP (uEPSP) amplitude was estimated by measuring the amplitude over a 0.2 or 0.5 ms time window centered around the uEPSP peak relative to a baseline window 0.5 ms before stimulus onset. Unitary EPSP failure rates were calculated by counting the number of sweeps in which presynaptic action potential firing did not produce a time-locked postsynaptic response (minimum of 100 sweeps per connection tested). Paired-pulse properties were estimated by interleaving the generation of a single or pair of presynaptic action potentials (2 ms pulses of 1-5 nA; 25 ms paired-pulse interval; 200 sweeps delivered at 0.2 Hz). The pairedpulse ratio (PPR) was calculated by averaging the responses to single and paired stimuli and then digitally subtracting the single uEPSP waveform from the double uEPSP waveform.
Histology. At the conclusion of each experiment, digital fluorescent images of live cells were captured using a Retiga EXI camera (QImaging) mounted to the BX51 microscope. Each slice was removed from the recording chamber, washed in PBS, and fixed overnight at 4°C in 4% paraformaldehyde (in PBS). Fixed slices were rinsed briefly in distilled, deionized water and mounted on microscope slides with Vectashield mounting medium (Vector Laboratories). Gray-scale projections of fixed, recorded neurons were constructed from 1 m optical sections captured with a Bio-Rad Radiance 2000 confocal system.
Statistical analysis. Numerical values are expressed as mean Ϯ SEM unless indicated otherwise. Statistical significance was determined with two-tailed Student's t tests or two-way ANOVAs with Bonferroni posttests for parametric data. Kolmogorov-Smirnov or Mann-Whitney U tests were performed to determine statistical significance for nonparametric data.
Results
Dual or triple whole-cell somatic current-clamp recordings were made from large, thick-tufted L5 pyramidal neurons in acute slices of primary and secondary visual cortex from hooded rats aged P7-P29. Most recordings were targeted to two developmental periods, P11-P15 and P25-P29. Unitary EPSPs were recorded from 159 monosynaptically connected pairs of neurons. Twelve of these monosynaptically connected pairs of neurons were reciprocally connected, of which eight were observed in cortical slices from animals age P12 or younger.
Development of intrinsic membrane properties
Early postnatal development is associated with rapid and substantial changes in the intrinsic membrane properties of neocortical neurons (McCormick and Prince, 1987; Zhang, 2004; Frick et al., 2007a; Oswald and Reyes, 2008) , which will profoundly influence local network activity. In our study, the apparent input resistance (R in ) of L5 pyramidal neurons decreased significantly between P11 and P29, with the most rapid change occurring during the second postnatal week (mean R in : P11, 163 Ϯ 18 M⍀, n ϭ 6; P15, 75 Ϯ 11 M⍀, n ϭ 6; P25-P29, 62 Ϯ 4 M⍀, n ϭ 6; p Ͻ 0.001, Kruskal-Wallis test) ( Fig. 1 A, B) . The estimated membrane time constant ( c ) decreased from 29.3 Ϯ 2.6 ms (n ϭ 9) to 23.5 Ϯ 3.0 ms (n ϭ 12) between P11 and P15, and then continued to fall during the third postnatal week to reach a mature level of 12.9 Ϯ 5.0 ms (derived from the plateau of a single exponential function fitted to the data in Fig.  1C ) (decay constant, 6.19 d; n ϭ 55 cells). A strong positive correlation was observed between c and R in when data were pooled across age groups (r 2 ϭ 0.731; p Ͻ 0.0001; n ϭ 61; data not shown), consistent with a developmental decrease in specific membrane resistivity accelerating the membrane time constant and contributing to the decline in R in .
A small but significant hyperpolarization of the resting membrane potential (V m ) emerged gradually over the same period (Fig. 1 D) . While resting V m did not change significantly between P11 and P15 (p ϭ 0.661), the average V m at P25-P29 (Ϫ65.1 Ϯ 0.38 mV; n ϭ 98) was ϳ4 mV more negative than the average V m at P11-P15 (Ϫ60.9 Ϯ 0.33 mV; n ϭ 105; p Ͻ 0.0001, two-tailed t test).
Development of action potential properties
Between P11 and P15, the period over which subthreshold membrane properties were transformed ( Fig. 1 B, C) , AP waveforms in L5 pyramidal neurons matured rapidly (Table 1 ; Fig. 2A , representative traces). Over this 4 d period, AP amplitude increased by 8% (Fig. 2 B) , and the peak AP derivative increased by 33% (Fig.  2C) , whereas AP rise time decreased by 15% (Fig. 2 D) , and AP half-width decreased by 50% (Fig. 2 E; see Table 1 for numerical values). As an example of the speed of maturation of AP time course, a single exponential fit to half-width data revealed a mature value 0.679 Ϯ 0.02 ms, which was reached with an age constant of only 3.21 d (P9 -P29; r 2 ϭ 0.809; n ϭ 67) ( Fig. 2 E, curve) . Action potential after potentials became multiphasic during postnatal development, consistent with other studies of developing cortical neurons (McCormick and Prince, 1987; Franceschetti et al., 1998) . A single prolonged (Ͼ50 ms) afterhyperpolarization potential was observed in L5 pyramidal neurons during the second postnatal week (Fig. 2 A, left) , whereas three distinct afterpotentials were apparent by the fourth postnatal week (a brief hyperpolarizing potential, a brief depolarizing potential, and the sustained hyperpolarization potential) (Fig. 2 A, right) . The amplitude of the slow afterhyperpolarization potential did not change significantly between the second and fourth postnatal weeks (Table 1) . Overall, somatically recorded AP parameters were relatively stable after P15, suggesting that voltage-gated sodium and potassium conductances underlying APs approach mature levels by the end of the second postnatal week.
The threshold for AP firing (V t ) ( Fig. 2 A, gray lines) in L5 pyramidal neurons decreased rapidly from Ϫ39.5 Ϯ 0.94 mV in P11 animals to Ϫ44.8 Ϯ 0.98 mV in P15 animals (p ϭ 0.0037; two-tailed t test), with no further change in V t observed during the period studied (average V t in animals aged P25-P29, Ϫ45.4 Ϯ 0.77 mV). The rheobase current increased approximately threefold between P11 and P29 ( Fig. 2 F) . Our results support the developmental reduction in R in as the primary contributor to this decrease in neuronal excitability. The difference between V m and V t did not change significantly over this period (Table 1) , while the inverse of R in (conductance) was correlated with, and explained a substantial proportion of the variance in, rheobase across the developmental period (r 2 ϭ 0.458; p ϭ 4.9 ϫ 10 Ϫ11 ; n ϭ 73 cells; data not shown).
Development of the properties of unitary synaptic potentials
The amplitude of monosynaptic L5-L5 unitary EPSPs evoked by a single presynaptic action potential decreased approximately threefold between postnatal weeks 1 and 4, from a median amplitude of 514 V at P11-P15 to a median amplitude of only 175 V at P25-P29 (p Ͻ 0.0001, two-tailed Mann-Whitney U ) (Fig.  3A , traces, B, summary data, D, morphological development of neuronal pairs). While this rapid decline in uEPSP amplitude occurred contemporaneously with the developmental reduction in R in (Fig. 1 B) , across the data set uEPSP amplitude was not correlated with postsynaptic R in (r 2 of linear regression line, 0.107; slope not significantly different from zero; p ϭ 0.067) (Fig.  3C) . Notably, unlike intrinsic neuronal properties, developmental modification of uEPSP amplitude appeared to be biphasic. An abrupt increase in uEPSP amplitude was documented at ϳP10 - P11, followed by a decline in uEPSP amplitude over the period P11-P29 (Fig. 3B) .
The protracted decline in uEPSP amplitude from P11 to P29 could be largely attributed to an age-related decrease in release probability (p r ). The uEPSP failure rate (see Material and Methods) increased approximately fourfold from a median of 9% (range, 0 -69%; n ϭ 52) at P11-P15 to a median of 38% at P25-P29 (range, 0 -76%; n ϭ 49; p Ͻ 0.0001, two-tailed Mann-Whitney U ) (Figs. 4 A, 7A, traces). When failures were excluded from analysis of uEPSP amplitude, the median nonfailure uEPSP amplitude in P11-P15 animals was 11% higher than the average amplitude including failures, whereas exclusion of failures in P25-P29 animals resulted in a 39% increase in the median uEPSP amplitude (data not shown). Similarly, the coefficient of variation (CV) of uEPSP amplitude almost doubled over the same period, from 0.511 at P11-P15 (range 0.17-1.96) to 0.970 at P25-P29 (range, 0.27-3.06; p Ͻ 0.0001, two-tailed Mann-Whitney U ) (Fig. 4 B) . When data were pooled across the two age groups, a relationship between uEPSP amplitude and CV was revealed (Fig.  4C ). These data could be described by a single binomial model given by the equation CV ϭ ͌[(1 Ϫ p r )/(n b p r ), assuming that CV ϭ ⌬V/(n b q s ) and the number of transmitter release sites, n b , equals 5.5 . The sum of squared differences between the model and our CV measurements was minimized when the somatic quantal amplitude, q s , was 0.23. The equation provided a good fit to data from all age groups (Fig. 4C , black dashed line) when uEPSP amplitude was Ͻ1 mV, arguing against a developmental change in quantal content. This finding and the observed developmental decrease in synaptic efficacy and reliability are consistent with a reduction in p r between postnatal weeks 2 and 4 being the main contributor to the marked maturational decrease in uEPSP amplitude.
The kinetics of uEPSPs accelerated between P11-P15 and P25-P29. The rise time of uEPSPs decreased by ϳ35% over this period, from a median of 2.54 ms at P11-P15 (range, 0.9 -7.9 ms) (Fig. 5A , traces in inset) to a median of 1.68 ms at P25-P29 (range, 0.7-5.56; p ϭ 0.0002, two-tailed Mann-Whitney U ), whereas the half-width fell from a median value of 27.0 ms (range, 12.0 -80.6 ms) to 14.5 ms (range, 6.67-28.1 ms; p Ͻ 0.0001, two-tailed Mann-Whitney U ) (Fig. 5B) . Faster uEPSP kinetics are often attributed to developmental decreases in membrane time constant (Spruston et al., 1994) and/or changes in postsynaptic conductances (Carmignoto and Vicini, 1992; Burgard and Hablitz, 1993; Flint et al., 1997; Stocca and Vicini, 1998; Kumar et al., 2002) . In our recordings, the membrane time constant of the postsynaptic cell accounted for a moderate 33% of variance in uEPSP half-width when data were pooled across age groups (Fig. 5C ). Although we cannot rule out developmental changes in postsynaptic conductances, we observed similar sensitivity to the NMDA receptor antagonist D-APV across the developmental period studied (P25-P29, uEPSP amplitude, 81.7 Ϯ 5.9% of control; half-width, 90.1 Ϯ 9.2%; PPR, 109 Ϯ 11%; n ϭ 5; values not significantly different from control; P11-P15, uEPSP amplitude, 78.1 Ϯ 16.1% of baseline; half-width, 79.3 Ϯ 11.9%; PPR, 162 Ϯ 38%; n ϭ 7; not significantly different from control). Interestingly, a strong positive correlation between uEPSP half-width and presynaptic AP half-width was ob- served, with variation in presynaptic AP half-width accounting for 67% of variance in uEPSP half-width (Fig. 5D ). These data suggest the parallel development of intrinsic and synaptic properties in L5 networks.
Our results above are consistent with a marked developmental change in p r . As p r powerfully determines the properties of short-term plasticity at central excitatory synapses (Tsodyks and Markram, 1997; Abbott and Regehr, 2004) , we next explored the developmental regulation of excitatory synaptic transmission in response to more complex trains of action potential firing.
Development of paired-pulse plasticity
The postsynaptic response to a standard paired-pulse stimulation protocol (see Material and Methods) showed a dramatic developmental profile (Fig. 6A,B ). In the youngest cortex examined (younger than P11), the second uEPSP of a pair was, on average, larger in amplitude than the first (median paired-pulse ratio, 1.06; mean, 1.40 Ϯ 0.22; range, 0.58 -3.0; n ϭ 13). The PPR declined to a minimum level at ϳP11 (median PPR, 0.71) and was subsequently transformed across postnatal development. At P11-P15, uEPSPs exhibited weak paired-pulse depression (median PPR, 0.95; mean PPR, 1.00 Ϯ 0.049; range, 0.47-2.1; n ϭ 56), whereas at P25-P29 the large majority of synapses expressed strong paired-pulse facilitation (48/56 connections; 86%; median PPR, 1.87; mean PPR, 1.91 Ϯ 0.11; range, 0.61-3.87; n ϭ 56; significantly different from P11-P15 level; p Ͻ 0.0001, two-tailed Mann-Whitney U ) (Fig. 6C) . Notably, the lowest PPR did not change between the two age groups. Instead, the interconnection variability in PPR increased with development, and the upper end of the PPR distribution shifted toward higher levels of facilitation.
Changes in uEPSP amplitude between the first and second response in a pair (PPR) were similar to changes in indicators of presynaptic release (uEPSP failures and CV) between the first and second response (Fig. 7A, traces) , supporting a presynaptic locus for paired-pulse plasticity across the developmental period studied. The overall proportional change in uEPSP failures between the first and second responses (Fig. 7B) was the same as the proportional change in uEPSP amplitude (PPR) (Fig. 6C) in both age groups. At P11-P15, uEPSP failures did not change significantly between the first and second uEPSPs (Fig. 7B , slope of dotted linear re- gression line) (not significantly different from 1; p Ͼ 0.05), consistent with the lack of strong paired-pulse plasticity at this age (Fig. 6C, open circles) . In animals aged P25-P29, the proportional change in change in uEPSP failures was 1.89 Ϯ 0.28 (Fig.  7B , inverse slope of solid black regression line) (failures ratio; r 2 ϭ 0.659), the same as the proportional change in uEPSP amplitude (median PPR, 1.87) (Fig. 6C, filled circles) . A two-way repeated measures ANOVA comparing the CV of the first and second uEPSPs in a pair for each age group revealed a significant interaction between uEPSP number and age. In animals aged P11-P15, where minimal paired-pulse plasticity was observed, the CV did not change significantly between the first and second uEPSPs in a pair (mean first uEPSP CV, 0.605 Ϯ 0.05, n ϭ 45; mean second uEPSP CV, 0.622 Ϯ 0.053, n ϭ 45; p Ͼ 0.05, Bonferroni post-test). In contrast, the CV decreased by Ͼ40% in P25-P29 animals (mean first uEPSP CV, 1.14 Ϯ 0.094, n ϭ 42; mean second uEPSP CV, 0.650 Ϯ 0.037, n ϭ 42; p Ͻ 0.0001, Bonferroni post-test), which expressed strong paired-pulse facilitation.
Presynaptic plasticity can involve a change in either release probability, p r , or the number of release sites, n. Assuming binomial transmitter release, the locus of expression of synaptic plasticity can be determined by plotting the proportional change in the inverse square of the CV (CV Ϫ2 uEPSP2 /CV Ϫ2 uEPSP1 ) against the proportional change in the uEPSP amplitude (PPR) (for details of CV analysis of synaptic plasticity, see Faber and Korn, 1991) . According to the binomial model, CV Ϫ2 ϭ [n ⅐ p r /(1 Ϫ p r )], and the mean uEPSP amplitude m ϭ n ⅐ p r ⅐ q, where n is the number of transmitter release sites, p r is the probability of transmitter release, and q is the quantal amplitude. When the proportional change in CV Ϫ2 associated with the induction of synaptic plasticity is greater than the proportional change in m, it therefore suggests a presynaptic change in release probability (as n is common to both terms and CV Ϫ2 is independent of q). In our experiments, a large majority of facilitatory connections displayed a slope Ͼ1 (Fig. 7C , points above dashed diagonal line) (13 of 19 facilitating P11-P15 connections; 32 of 36 facilitating P25-P29 connections), suggesting that an increase in p r underlies facilitation in these pairs of neurons. Approximately half of depressing connections had a slope Ͻ1 (Fig. 7C , points below dashed diagonal line) (12 of 26 depressing P11-P15 connections; 3 of 6 depressing P25-P29 connections), consistent with a reduction in p r associated with paired-pulse depression. We cannot, however, rule out a developmental change in the number of transmitter release sites. Indeed anatomical evidence suggests that the number of excitatory synapses in rodent visual cortex does not reach mature levels until P20 (Blue and Parnavelas, 1983) . Our data, however, indicate that a developmental regulation of pr is the dominant factor shaping the maturational shift toward paired-pulse facilitation at intralaminar L5-L5 synapses. This conclusion is supported by our finding that the relationship between the CV of uEPSPs and amplitude is well described by an equation assuming a constant number of release sites across the developmental period studied (Fig. 4C) . As L5 neurons are among the first cortical neurons to reach their final laminar position during cortical formation, it seems plausible that the number of intralaminar L5 connections stabilizes earlier in development when compared to other intracortical excitatory connections. Relationship between eye opening and modification of paired-pulse parameters On closer inspection, the relationship between use-dependent synaptic plasticity (PPR) and age revealed a biphasic profile (Fig. 6 B) , which was the inverse of the biphasic developmental trend in uEPSP amplitude (Fig. 3B) . PPR decreased until ϳP11, followed by an abrupt change to increasing PPR throughout the rest of the developmental period studied (Fig. 6 B) .
The median age at eye opening, documented in a subset of 141 animals, was 11.8 Ϯ 0.09 d postnatal (Fig. 7D) . We thus postulated that the two phases of PPR development could be temporally related to eye opening. When PPR was considered as a function of age and eye status (open or closed), there was a notable negative correlation between PPR and postnatal age in animals whose eyes were closed at euthanasia, whereas a positive correlation between PPR and postnatal age occurred after eye opening (Fig. 7E ) (slopes are significantly different; p ϭ 0.001). Some caution is needed in interpreting these data, as the number of connections in the "eyes closed" category was small, and the strength of the linear correlation for each age group was low (r 2 ϭ 0.294 for animals with closed eyes, 0.268 for animals with open eyes). These data suggest that the onset of visual input may be an important factor shaping the postnatal development of synaptic dynamics in the visual cortex.
Development of frequency tuning
Characterization of synaptic dynamics at intracortical connections has often been restricted to very brief stimulus trains at relatively limited frequencies (Angulo et al., 1999; Reyes and Sakmann, 1999; Zhang, 2004; Ali et al., 2007; Frick et al., 2007a; Oswald and Reyes, 2008) , whereas in vivo studies have documented neocortical neurons firing for sustained periods at high frequencies (50 Hz or higher) (Hubel and Wiesel, 1959; Porter, 1970; Buracas et al., 1998; deCharms et al., 1998; Shadlen and Newsome, 1998; Steriade et al., 2001; Krupa et al., 2004; Chen and Fetz, 2005; Luna et al., 2005) . Understanding the role of L5 connections in the developing cortical circuit therefore requires investigation of synaptic transmission during more complex stimulus trains (Markram and Tsodyks, 1996; Williams and Atkinson, 2007) .
We investigated the development of frequency tuning by generating trains of 50 presynaptic APs at fixed frequencies from 0.2 to 50 Hz. At P11-P15, uEPSP amplitude depressed rapidly to a plateau level within less than four stimuli (see representative traces from 10 and 50 Hz stimulus trains) (Fig. 8 A, B, summary) .
The magnitude of the depression and its rate of onset increased with increasing stimulus frequency (Fig. 8 B, top) . In contrast, P25-P29 L5 connections reliably generated uEPSPs throughout stimulus trains (see representative traces from 10 and 50 Hz stimulus trains) (Fig. 8 A) . Strong facilitation at the start of each train was followed by a decline in uEPSP amplitude; however, the average amplitude stayed about the baseline level throughout the train except at the highest frequency studied (50 Hz) (Fig. 8 B,  bottom) . When uEPSP amplitude was averaged across each of the 50 stimuli in a train, P25-P29 synapses displayed approximately the same efficacy across a wide range of stimulus frequencies (from 0.2 to 40 Hz) (Fig. 8C, filled circles) . Similar bandpass behavior of juvenile L5 connections has been reported in somatosensory cortex (Williams and Atkinson, 2007) . There was no significant difference in average uEPSP amplitude between P11-P15 and P25-P29 neurons for frequencies between 10 and 50 Hz, with young L5 connections also transmitting uEPSPs with similar efficacy across this frequency range (Fig. 8C, open circles) . However, a marked difference between the two age groups was observed at very low frequency (0.2 Hz); the average P11-P15 uEPSP amplitude at 0.2 Hz was more than threefold greater than both the average P25-P29 uEPSP amplitude at this frequency and the P11-P15 uEPSP amplitude at all of the other frequencies tested. Thus, immature L5 connections are only able to maintain their very high synaptic efficacy during low-frequency stimulus trains, whereas strong depression during higher-frequency stimulus trains dramatically reduces the average uEPSP amplitude.
The strong tuning of very young L5 connections to transmit low-frequency signals, regardless of the average uEPSP amplitude, was emphasized by plotting the optimum frequency [defined as the stimulation frequency that led to the highest average uEPSP amplitude in either the first five (Fig. 8 D, open circles) or last five (Fig. 8 E, open circles) stimuli in a train] as a function of uEPSP amplitude for each connection. By P25-P29, a much more diverse range of optimum firing frequencies emerged, with a range of connections with different efficacies sharing each of the optimum frequency bands (Fig. 8 D, filled  circles) . The variability in optimum frequency between different P25-P29 connections was maintained throughout the AP train (Fig. 8 E) .
Development of synaptic transmission evoked by complex action potential trains
The use-dependent properties of synaptic transmission are particularly important for shaping information transfer at cortical connections in an activity-and frequency-dependent manner (for review, see Feldmeyer and Radnikow, 2009 ). We thus explored how connections in the two age groups process more complex, time-varying patterns of presynaptic AP firing.
Excitatory transmission at each synaptic connection was investigated in response to three different stimulus protocols, involving trains of 50 presynaptic APs with the same mean frequency (10 Hz) but a wide range of instantaneous frequencies. The "regular" protocol was a fixed-frequency (10 Hz) AP train (Fig. 9A , top traces), the "Poisson" protocol involved AP delivered at times derived from a modified Poisson distribution with instantaneous AP frequencies ranging from 2-250 Hz (Fig. 9A , middle) (for details of instantaneous frequency distributions, see Williams and Atkinson, 2007) , and the "burst" protocol involved bursts of 10 APs with an intraburst frequency of 50 Hz (Fig. 9A,  bottom) .
Despite the marked maturational changes in neuronal and synaptic properties, L5 connections in both age groups transmitted the different stimulus patterns with approximately the same average efficacy (as measured by cumulative within train uEPSP amplitude) (Fig. 9B ) (p Ͼ 0.05; two-way ANOVA for effect of age and stimulus pattern), similar to the behavior of juvenile L5 connections in somatosensory cortex (Williams and Atkinson, 2007) . There was a nonsignificant trend for P11-P15 connections to transmit Poisson trains more efficaciously than either regular or bursting trains. This is most likely because short AP intervals during the Poisson AP train promote more temporal summation than occurs during a regular train, while less frequencydependent depression of uEPSP amplitudes would be engaged during Poisson than burst protocols because of the relatively low Figure 8 . Postnatal development of frequency tuning. A, Averaged uEPSPs recorded from layer 5 pyramidal neurons at two ages (P15 and P29) in response to 50 regularly spaced presynaptic action potentials evoked at the indicated frequencies. Responses to each action potential are overlain, with the first uEPSP in the train shaded black and the last uEPSP in the train shaded dark gray (intervening uEPSPs are shaded light gray). Scale bars apply to both panels. B, Summary of average uEPSP amplitudes for P11-P15 connections (n ϭ 10; top), showing the decline in average uEPSP amplitude as a function of action potential number within the train. Increasing stimulus frequency is indicated by increasing intensity of the gray lines (10, 20, 30, 40, and 50 Hz) and is associated with stronger, more rapidly emerging depression. Bottom graph shows mean uEPSP amplitude as a function of action potential number during a 50-pulse train in P25-P29 neurons (n ϭ 10). C, Maturation of frequency dependence of action potential train transmission. The mean uEPSP amplitude across the train was largely independent of stimulus frequency at P25-P29 (filled circles). In contrast, P11-P15 connections showed prominent low-pass filtering, with much higher mean uEPSP amplitudes observed at 0.2 Hz. A two-way ANOVA comparing the frequency dependence of uEPSP amplitudes in the two groups revealed a significant interaction between age and stimulation frequency. Asterisks indicate a significant difference between P11-P15 and P25-P29 uEPSP amplitudes at 0.2 Hz (***p Ͻ 0.001; Bonferroni post-test). D, Optimum frequency, defined as the frequency at which the maximum mean uEPSP amplitude of the first five uEPSPs in the train, was observed for each connection as a function of mean uEPSP amplitude for each connection at its optimum frequency. Filled circles represent connections from P25-P29 animals; open circles represent connections from P11-P15 animals. E, Same as D except that optimum frequency was determined from the average amplitude of the last five uEPSPs in the train. median firing frequency (median Poisson AP frequency, 16.1 Hz, vs 49.5 Hz for the burst protocol).
Contrastingly, marked differences between the age groups were apparent when uEPSP amplitudes were considered as a function of stimulus number within a complex train. Train and burst onset was signaled strongly by P11-P15 connections across all three protocols, due to the large initial uEPSP amplitude (Fig.  9A, gray traces, C, open circles) . Transmission during one or two subsequent APs was maintained by significant temporal summation resulting from the long uEPSP time course. However, uEPSP amplitude depressed rapidly with maintained stimulation. By contrast, P25-P29 connections displayed overall facilitation during complex AP trains and reliably transmitted the duration of each stimulus protocol (although some depression of uEPSPs was observed during the bursting protocol) (Fig. 9A , black traces, C, filled circles). Thus, L5 connections in young cortex (P11-P15) are optimally suited to signaling stimulus onset and short or very low-frequency bursts of AP firing, with the capacity for efficacious transmission of longer AP trains across a wider range of frequencies emerging over the next two postnatal weeks.
Frequency-dependent synaptic modification is an important contributor to information flow in cortical circuits (Galarreta and Hestrin, 1998; Fuhrmann et al., 2002; Beck et al., 2005; Williams and Atkinson, 2007) . When uEPSP amplitude, normalized to the first uEPSP, was plotted as a function of instantaneous AP frequency during the Poisson train, steep frequency-dependent depression in uEPSP amplitudes with increasing instantaneous frequency was observed in P11-P15 animals (Fig. 9D, open circles) . In contrast, a reasonably strong positive relationship between instantaneous presynaptic AP firing frequency and uEPSP amplitude was apparent at P25-P29 (Fig. 9D, filled circles) . Usedependent synaptic dynamics are therefore operational throughout prolonged AP trains at L5 connections. The observed maturational changes in use-dependent synaptic dynamics indicate that L5-L5 excitatory synapses function as low-pass filters during sustained activity in P11-P15 animals, but effectively signal the temporal characteristics of prolonged AP firing patterns before the end of the first postnatal month.
Discussion
Here we investigated the postnatal development of the intrinsic properties and intracortical synaptic transmission between large, thick-tufted, pyramidal neurons of rodent visual cortex. The main finding of the present study is that, through a refinement of intrinsic and synaptic properties, the capacity of the L5 excitatory network to transmit the temporal information encoded in action potential firing patterns is transformed over the first postnatal month.
In the visual cortex, functional retinotopic and ocular dominance maps are formed before eye opening and are refined during postnatal development (White and Fitzpatrick, 2007) . How might the documented developmental changes in intrinsic and synaptic properties affect the function of the L5 neural network of the visual cortex? We find that the properties of excitatory synaptic transmission between L5 pyramidal neurons at a developmental stage before eye opening can be characterized as weak and unreliable. However, contemporaneously with eye opening, we find a dramatic shift in the properties of excitatory synaptic transmission, to uEPSPs of large amplitude that are reliable from trial to trial when evoked at low repetition frequencies. At this developmental stage (P11-P15), L5 neurons also exhibit a long membrane time constant. In concert with the large amplitude and slow kinetics of uEPSPs, this will act to maximize the temporal summation of synaptic potentials and so promote activity-dependent stabilization of salient connections during cortical map refinement, consistent with findings from the somatosensory system (Feldmeyer and Radnikow, 2009 ). Interestingly, we observed that this transition in the properties of unitary excitatory synaptic transmission was accompanied by a marked and rapid development of the properties of presynaptic action potentials, which approached mature values by P15. These data suggest that during early postnatal development, the enhanced reliability of synaptic transmission may be related to more faithful axonal propagation of presynaptic action potentials.
The properties of uEPSPs were further refined through postnatal development, exhibiting a progressive reduction in amplitude, accompanied by an increase in failure rate and a transformation of the properties of short-term, use-dependent plasticity, which reached a plateau in the fourth postnatal week. This refinement of the properties of unitary excitatory synaptic transmission was more marked in the present study than reported for other excitatory intracortical synapses (cf. Frick et al., 2007b) . Moreover, the unexpected biphasic age-dependent maturation of synaptic strength and short-term plasticity observed here is absent (Chen and Roper, 2004; Zhang, 2004; Oswald and Reyes, 2008) or less rapid (Frick et al., 2007a,b) in other published accounts of the development of unitary excitatory transmission in the neocortex. It is possible that the day-by-day investigation of synaptic properties in the present study has revealed a biphasic trend that occurs in other cortices but was obscured in previous studies by pooling data across wide age ranges. However, as the shift in development of synaptic properties was contemporaneous with eye opening, an alternative interpretation of these findings is that the rapid change in synaptic properties in visual cortex is related to the alteration in sensory input to visual cortex associated with postnatal eye opening.
After postnatal eye opening, alterations in the properties of unitary excitatory synaptic transmission were paralleled by a refinement of the intrinsic electrophysiological properties of L5 pyramidal neurons, which reached mature levels over the same time period. During this developmental period, we observed a strong downregulation of release probability at L5-L5 pyramidal neuron synapses. This developmental change transformed the ability of L5 neuronal networks to transmit complex patterns of action potential firing. At developmental time points closely following eye opening, pronounced use-dependent short-term depression ensured that only low-frequency trains of action potentials were transmitted without decrement. In contrast, by the fourth postnatal week, high-frequency AP trains evoked uEPSPs without decrement. Indeed, in response to complex, time-varying patterns of action potential firing, with an instantaneous frequency distribution similar to those observed in vivo (Holt et al., 1996; Shadlen and Newsome, 1998; Stevens and Zador, 1998) , we observed that immature (P11-P15) synapses showed increasing depression as the instantaneous presynaptic action potential firing frequency increased, whereas at P25-P29 we observed increasing facilitation. When taken together with the developmental changes in the intrinsic electrophysiological properties of L5 pyramidal neurons reported here and the parallel development of dendritic electrogenesis and somatodendritic electrical compartmentalization (Atkinson and Williams, 2009) , the developmental transformation of unitary excitatory synaptic transmission we observed may contribute to high ongoing action potential firing rates of large L5 pyramidal neurons (De Kock and Sakmann, 2009 ). This may have particular implications for the emergence of L5 pyramidal neurons as strong drivers of synchronized neocortical network activity (Silva et al., 1991) .
Neocortical activity, during certain behavioral states, is dominated by the generation of low-frequency synchronized oscillatory activity (for review, see Castro-Alamancos, 2009). At the single neuron level, this is characterized as a transition between depolarized states (up states), often crowned by action potential firing, and hyperpolarized periods (down states) (Sanchez-Vives and McCormick, 2000; Shu et al., 2003; Crochet and Petersen, 2006; Constantinople and Bruno, 2011) . Excitatory synaptic transmission among large L5 pyramidal cells has been shown to be critical for the initiation and propagation of this form of oscillatory activity (Sanchez-Vives and McCormick, 2000; Sakata and Harris, 2009) .
Of particular relevance to the present study, synchronized cortical oscillations are the dominant form of coherent activity in the immature rodent cortex and undergo marked developmental regulation. A recent study has investigated changes in up-down state transitions in the mouse visual cortex during the early postnatal period using imaging approaches (Rochefort et al., 2009) . Synchronous calcium waves, associated with up states, were not detected before P8, and then showed a rapid developmental increase in frequency and decrease in amplitude, which plateaued within 1 week of eye opening. Contemporaneously, Rochefort et al., (2009) observed a dramatic sparsification in the proportion of cortical neurons engaged in a given up state, from Ͼ75% of neurons to only ϳ10% of neurons active during each wave in mature cortex (Kerr et al., 2005; Rochefort et al., 2009 ). The emergence of calcium waves in mouse cortex thus occurs 3-4 d before eye opening, and maturation is complete within 1 week, on a similar time scale to the development of L5 intrinsic and synaptic properties described here.
Our results suggest that distinct patterns of activity will engage recurrent, excitatory L5 connections during the second and fourth postnatal weeks, which may contribute to the developmental changes in neocortical oscillatory activity. We observed strong and rapid activity-dependent depression of excitatory synaptic transmission at immature L5-L5 synapses, suggesting that an individual presynaptic neuron would have a restricted ability to dominate the output of its postsynaptic targets during sustained activity. Instead, temporal summation of multiple synaptic inputs is likely to be required to strongly drive recurrent connections in immature L5 networks and may contribute to the infrequent but large-amplitude and widespread distribution of spontaneous cortical oscillations in very young animals. A very different pattern of activation is likely to maximally engage recurrent L5 circuits by the end of the first postnatal month. By this age, the single-stimulus impact of each individual L5 pyramidal neuron on its postsynaptic targets is reduced, due to a fourfold reduction in uEPSP amplitude and significant increase in the current required to initiate action potential firing. However, the emergence of strong, frequency-dependent facilitation in juvenile connections suggests that the somatic impact of an individual synaptic input can increase more than threefold during sustained activity. Thus, our results indicate that recurrent L5 circuits in juvenile cortex will be more effectively recruited by sustained activation in a small population of neurons, which may contribute to the reduced amplitude and spatial sparsification of cortical oscillations observed by Rochefort et al. (2009) in this age range.
In another interesting parallel with our work, Rochefort et al. (2009) showed that the change in visual input with eye opening is a trigger for sparsification of synchronous activity in visual cortex. Furthermore, recent in vivo recordings from the cortex of anesthetized rodents and human infants have identified a multiphasic development of evoked and spontaneous cortical activity, where the first immature, evoked responses were observed at P7 in rodents (approximately at the time we first observed functional L5 synaptic connections), followed by a rapid switch to mature evoked responses and higher-frequency spontaneous ac-tivity 2 d before eye opening at ϳP12 (Colonnese et al. 2010) . Interestingly, Rochefort et al. (2009) report that dark rearing delayed the onset, but not the progression of age-dependent changes in cortical oscillations, whereas Colonnese et al. (2010) observed no effect of dark-rearing or forced eye opening on the maturation of cortical activity. These studies suggest a potentially complex interaction between eye opening and developmental maturation of synaptic dynamics. It would therefore be informative to ascertain whether there is a causal association between postnatal eye opening and development of synaptic dynamics in visual cortex, and the extent to which any such association is specific to particular intracortical pathways.
Surprisingly few of the extensive investigations of the maturation of synaptic dynamics in sensory cortices have considered the developmental period around the onset of sensory input. The present study has documented major changes in the synaptic dynamics of connections between L5 pyramidal cells across a range of activation patterns in developing rodent cortex and provided data suggesting that a switch in synaptic dynamics may be associated with postnatal eye opening. This work presents a potential mechanism for linking sensory input with maturation of synaptic dynamics in excitatory circuits within neocortical L5, and therefore with developmental changes in the initiation and propagation of spontaneous cortical oscillations.
